Structural firefighters can receive second-degree burns while working in thermal exposures considerably lower than flashover conditions. These exposures are usually several minutes in duration, and the exposure levels are generally not sufficient to degrade the turnout shell fabric. There is considerable interest in the role played by moisture, absorbed by clothing materials exposed to perspiration from a sweating firefighter, in burn injuries received in these conditions. Recent studies have shown that moisture, present in firefighter turnout systems, has a complex influence on heat transmission and potential for skin burn injuries [1, 2] . At the same time, there is significant current interest in developing laboratory thermal protective performance testing protocols that incorporate reliable and realistic moisture preconditioning procedures. This paper describes an analysis of the effects of moisture on the thermal protective performance of turnout systems exposed to a low-level heat source.
Structural firefighters can receive second-degree burns while working in thermal exposures considerably lower than flashover conditions. These exposures are usually several minutes in duration, and the exposure levels are generally not sufficient to degrade the turnout shell fabric. There is considerable interest in the role played by moisture, absorbed by clothing materials exposed to perspiration from a sweating firefighter, in burn injuries received in these conditions. Recent studies have shown that moisture, present in firefighter turnout systems, has a complex influence on heat transmission and potential for skin burn injuries [1, 2] . At the same time, there is significant current interest in developing laboratory thermal protective performance testing protocols that incorporate reliable and realistic moisture preconditioning procedures. This paper describes an analysis of the effects of moisture on the thermal protective performance of turnout systems exposed to a low-level heat source.
Sweat Absorption in Firefighter Turnouts
During fire fighting, firefighters 1 can sweat profusely causing moisture to accumulate in their turnout garments. This accumulated moisture can affect the ability of the turnout clothing materials to protect against prolonged exposure to heat in a structural fire within a room that has not reached flashover condition. This research was conducted to study the effects of moisture on the thermal protective performance of firefighter turnout materials in this type of radiant heat environment.
Abstract This paper describes research on the effects of absorbed moisture on the thermal protective performance of the fire fighter turnout materials exposed to thermal assaults lower than flashover conditions. A thermal testing platform and sensor are used to measure thermal protective performance of turnout systems exposed to a sub flashover heat flux range 6.3 kw/m 2 (0.15 cal/ cm 2 s). The effects of moisture level on predicted second-degree burn injury for turnout systems having different moisture vapor permeability and total heat loss are discussed. Heat transfer analysis and experimental results show that, for selected test conditions, moisture negatively impacts protective performance most severely when the amount of added moisture is at a comparatively low level (15-20% of turnout system weight).
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Heat Transfer in Moist Turnout Systems
A basic heat transfer model was constructed to estimate the effect of added moisture on turnout systems. A turnout system consisting of an outer shell, moisture barrier and thermal liner is illustrated in Figure 1 . The heat flux boundary condition and the heat flux measuring device are also shown in Figure 1 .
To simplify the model and yet obtain usable results, the thermal properties of the turnout composite were assumed to be homogeneous and isotropic. The thermophysical properties of the system were then modified by incorporating the physical and thermal properties of water using a weighting method. To obtain a rough estimate of the time to second-degree burn, the turnout system is assumed to be a semiinfinite body. The solution to the heat transfer problem then reduces to the solution for a semi-infinite body exposed to a constant heat flux boundary condition. The solution equation for this problem can be taken directly from the literature [4] as: (1) where T(x, t) is the temperature distribution in the system, T i is the initial temperature, q′′ is the incident heat flux, k is the isentropic thermal conductivity in and α is the isentropic thermal diffusivity. Dry material values for the systems under study were taken to be approximately k = 0.05 W/ m 2°C , ρ = 250 kg/m 3 (measured), and C p = 1150 W s/kg°C. Modifying the dry material values to account for the addition of water into the systems, the resulting material values can be seen in Table 1 .
The heat transfer problem was solved and second-degree burn times were calculated for moisture add-on values of 0 (dry), 5, 10, 20, 50 and 100%. A graph showing the effect of added moisture on the estimated time to second-degree burn for a turnout composite exposed to an incident heat flux of 6.3 kW/m 2 (0.15 cal/cm 2 s) is shown in Figure 2 . Figure 2 indicates that the predicted second-degree burn time drops significantly with the introduction of moisture. This precipitous drop can be attributed to the large difference in thermal conductivity between the turnout systems and water. At a moisture level of 20%, burn times reach a minimum and values begin to increase as additional moisture is added to the system. This can be attributed to the large difference in specific heat between the turnout systems and water. At 100% moisture add-on, the time to achieve a second-degree burn recovers to a point close to that of a dry system.
Moisture Preconditioning Method
Physiological studies demonstrate that the amount and distribution of absorbed moisture, varies depending on the type of thermal liner, the breathability of the moisture bar- Figure 1 Measuring heat transfer in turnout systems. rier component, and on the presence of underlying absorbent clothing layers [3, 7, 8] . This knowledge was applied to develop a preconditioning protocol. The following simple procedure was adopted: The turnout test specimen is precisely weighed. Sufficient water is then sprayed onto the facecloth side of the thermal liner to increase the weight of the turnout composite (thermal liner, moisture barrier, shell fabric) by the desired amount. The moistened turnout composite sample is sealed in a plastic bag and allowed to condition for a period of at least 12 hours. Specimens are subsequently removed from the sealed bag and precisely weighed.
Our previous research has shown that the preconditioning protocol produces consistent amounts of moisture addons, with little variability in repeated tests [2] . The demonstrated consistency of the protocol is a significant development, since it has been shown that reproducibility of moisture effects on thermal tests is critically controlled by the ability to consistently load moisture into test specimens. Our research has also demonstrated that the procedure results in the highest accumulation in the thermal liner, the innermost component of the turnout system [7] . Significantly less moisture accumulates in the moisture barrier and shell fabric. Therefore, the moisture gradient produced by the laboratory preconditioning protocol mimics the gradient that occurs in actual wear, where clothing layers closest to sweat wetted skin retains the highest percentage of moisture. The observed consistency of the preconditioning procedure as well as the moisture gradient produced in different layers of the turnouts, are undoubtedly facilitated by the step in the protocol that calls for a lengthy conditioning period in a sealed plastic bag. This step allows moisture distribution to occur within the layers of the turnout specimen.
Thermal Test Method
The test apparatus illustrated in Figure 3 was used to evaluate the thermal protective performance of turnout systems. To deliver a constant heat flux to the turnout system under test, a horizontally positioned and electronically regulated radiant quartz tube source, similar to the RPP Test (ASTMF1939) heat flux source, was located approximately 1.5 inches below the test samples. To reduce heat losses during testing, a water-cooled chamber located around the perimeter of the test samples was utilized. A heat flux calorimeter known as the Pyrocal Calorimeter [5] was chosen as the device to directly measure heat transfer through the turnout systems. The calorimeter was secured in an insulating block, fabricated from a machineable ceramic, and attached to the sample holder with the calorimeter located in a central position adjacent to the thermal layer of the turnout systems. The heat flux levels generated from the quartz tubes were calibrated using the standard TPP copper disk calorimeter exposed to the heat source for 10 seconds.
The method selected to estimate skin burn time was the Henriques Integral method. The Henriques Integral method uses an Arrhenius equation to estimate the time required to achieve a second-or third-degree burn using surface heat flux histories as input to a computer model of human skin [6] . The model generates an estimated temperature distribution in human skin and subsequently a burn damage estimate. The formal statement of the Henriques integral is as follows: (2) where Ω is the measure of burn damage, P is a human skin system constant, T is temperature, t is time, R is the universal gas constant and ∆E is the activation energy of human skin. A second-degree burn is indicated when Ω reaches a value of 1.0. Temperature histories at skin depths of approximately 80 and 200 µm were used to calculate burn predictions with damage exceeding the 80 µm depth defining a second-degree burn.
Results and Discussion
Two turnout systems were deliberately selected for their different moisture vapor permeability. Details of the systems are shown in Table 2 .
Four moisture add-on levels were examined. The first moisture level selected was the dry condition. The second level selected was 2.5 g water per 6 in × 6 in. sample of the system under test, or approximately 15% by turnout system weight, which corresponds to moisture levels observed in turnout systems worn by firefighters exercising in a warm environment. This moisture level is also the point at which significant reductions in protective performance were predicted by the heat transfer analysis. The third level selected was 8 g or 50% by weight, which corresponds to a firefighter sweating at a rate of 1.5 L/h. The final level selected for the experiment was 100% by weight, or 16 g water per 6 in × 6 in sample. This represents the maximum rate of human sweat output and corresponds to approximately 3 liters of sweat per hour. Dry and preconditioned samples were exposed to a heat flux of 0.15 cal/cm 2 s. Figure 4 shows the results for the experiments conducted on the two systems. The figure shows the effects of the added moisture on the predicted second-degree burn times for the two turnout systems tested. Predicted burn times were based on the average of three tests for each system.
An assessment of the validity of the laboratory testing protocol is obtained by comparing the experimental results against those expected from the theoretical analysis. In this regard, the measured time for second-degree burn for dry systems is between 145 and 180 seconds, which is considerably higher than the 80 second burn time predicted by the theoretical model. As can be expected, real turnout systems provide more thermal insulation than the isotropic Figure 4 Effect of moisture on predicted second-degree burn time for vapor permeable and impermeable turnout systems exposed to 0.15 cal/cm 2 s heat flux.
turnout system assumed in the heat transfer analysis. However, as can be seen in Figure 4 , both systems show a reduction in protective performance of 10 seconds or greater which is similar to the reduction predicted by the heat transfer analysis. A significant observation is that the negative impact of applied moisture is greatest at the same level of moisture uptake indicted by the heat transfer model. Further, each of the turnout systems experiences a recovery, and even an increase in protective performance, as greater amounts of moisture are added to the turnout systems. This is precisely the performance predicted by the heat transfer analysis.
Conclusions
Measured burn time predictions reflect the thermal protective performance expected based on a theoretical heat transfer analysis. That is, the addition of moisture negatively impacts the predicted burn protection to the greatest degree when the moisture is added at a comparatively low level of approximately 15% of turnout composite weight.
As the moisture level increases beyond this critical level, predicted second-degree burn times increase to approach values measured for dry composites. This research clearly shows the complex influence of absorbed moisture on the protective performance of fire fighter turnout systems exposed to comparatively low-level thermal exposures. The effect of moisture on protective performance in low-level exposures is undoubtedly a complicated function of heat exposure, the amount of moisture in the turnout system, and the permeability and insulation of the system. Future studies will include evaluating the effects of moisture on thermal protective performance when a vapor-impermeable reflective trim layer is added to the outer surface of a turnout system. They will also include the study of the effects of different heat flux levels and the response of a wider range of turnout materials.
